High-quality (001)-oriented (pseudo-cubic notation) ferromagnetic YTiO3 thin films were epitaxially synthesized in a layer-by-layer way by pulsed laser deposition. Structural, magnetic and electronic properties were characterized by reflection-high-energy-electron-diffraction, X-ray diffraction, vibrating sample magnetometry, and element-resolved resonant soft X-ray absorption spectroscopy. To reveal ferromagnetism of the constituent titanium ions, X-ray magnetic circular dichroism spectroscopy was carried out using four detection modes probing complimentary spatial scale, which overcomes a challenge of probing ferromagnetic titanium with pure Ti 3+ (3d 1 ). Our work provides a pathway to distinguish between the roles of titanium and A-site magnetic rare-earth cations in determining the magnetism in rare-earth titanates thin films and heterostructures.
High-quality (001)-oriented (pseudo-cubic notation) ferromagnetic YTiO3 thin films were epitaxially synthesized in a layer-by-layer way by pulsed laser deposition. Structural, magnetic and electronic properties were characterized by reflection-high-energy-electron-diffraction, X-ray diffraction, vibrating sample magnetometry, and element-resolved resonant soft X-ray absorption spectroscopy. To reveal ferromagnetism of the constituent titanium ions, X-ray magnetic circular dichroism spectroscopy was carried out using four detection modes probing complimentary spatial scale, which overcomes a challenge of probing ferromagnetic titanium with pure Ti 3+ (3d 1 ). Our work provides a pathway to distinguish between the roles of titanium and A-site magnetic rare-earth cations in determining the magnetism in rare-earth titanates thin films and heterostructures. 13, 20 Additionally, synthesis of high-quality samples with pure Ti 3+ (3d 1 ) is challenging due to the rapid conversion of magnetic Ti
3+
to non-magnetic Ti 4+ in low vacuum. [21] [22] [23] To fully understand the intriguing quantum many-body phenomena in magnetic Ti
systems, synthesis and experimental investigation of the magnetism of pure Ti 3+ is essential and yet thus far lacking. 13, 20 In this Letter, we study ferromagnetic Mott insulator YTiO 3 films (YTO) as a prototypical rare-earth titanate system. The structural and electronic quality of YTO films were confirmed by reflection-high-energy-electron-diffraction (RHEED), X-ray diffraction (XRD), vibrating sample magnetometer (VSM) in Physical Properties Measurement System (PPMS), and resonant soft X-ray absorption spectroscopy (XAS). We thoroughly investigated the circular magnetic dichroism (XMCD) of titanium ferromagnetism in luminescence yield, reflection, fluorescence yield, and electron yield detection modes. Our work directly demonstrated the presence of long range ferromagnetic order of the constituent titanium ions.
High-quality (001)-oriented (pseudo-cubic notation) YTO films were grown in a layer-by-layer fashion on DyScO 3 (001)-oriented (pseudo-cubic notation, corresponding to (110)-orientation in orthorhombic notation) single crystal substrates by pulsed laser deposition (PLD) under the same growth conditions reported elsewhere. 23 For this work, YTO was carefully selected as a prototype for three reasons: (1) in contrast to other rare-earth elements, the total spin angular momentum of Y 3+ with 4d 0 electronic configuration is almost zero thus ruling out the contribution of the magnetic rare-earth element, (2) the ferromagnetic transition temperature of bulk YTO is comparatively high (27 -30 K), 22, 24, 25 and (3) ordering 27, 29, 30 with magnetic and orbital excitations. [31] [32] [33] In this work, to monitor the quality of YTO films, during growth RHEED patterns were recorded, as illustrated in Fig. 1(b) . As seen, the sharp RHEED patterns with expected orthorhombic half-order reflections [yellow arrows in Fig. 1(b) ] indicate a two-dimensional growth mode of YTO films. Structural quality of the thick (∼ 98.6 nm) and ultra-thin (∼ 5.8 nm) films were further confirmed by XRD using Cu K α1 radiation shown in Fig. 1 (c) .
To characterize the magnetic properties of thick YTO films, the magnetization versus temperature curve was measured with VSM in a PPMS. As shown in Fig. 1(d 24, 25, 27 .
To further investigate the electronic and magnetic structures of YTO film, XAS measurements using four detection modes were carried out at two synchrotron facilities, beamline 4.0.2 (using the vector magnet) of the Advanced Light Source (ALS, Lawrence 
mm
3 ) was measured at room temperature. XAS spectra of perovskite titanates is almost independent of temperature. 43, 44 The dashed lines indicate the energy positions of t2g state of Ti 3+ 3d band. The two small pre-edge peaks of STO spectra (bottom, orange curve) at ∼457 eV were attributed to the multiplet core hole-d electron interactions. 45 Berkeley National Laboratory) and beamline 4-ID-C of the Advanced Photon Source (APS, Argonne National Laboratory). As schematically illustrated in Fig. 2(a) , these four detection modes are total electron yield (TEY, surface sensitive with 2-10 nm probing depth, measured at ALS with a 20
• incident angle), 34, 35 total fluorescence yield (TFY, bulk probing depth ∼ 20 nm, measured at APS with a 10
• incident angle), 35 reflectivity (surface sensitive, measured at APS with a 10
• incident angle), 36 and new luminescence yield mode (Lum, bulk probing depth ∼ 50 nm, measured at ALS with a 20
• incident angle). [37] [38] [39] [40] [41] Since pure Ti 3+ is challenging to stabilize and it easily converts to non-magnetic Ti 4+ on the YTO film surface, only bulk-sensitive TFY and luminescence detection modes are able to probe the properties of the Ti 3+ . In the past , however, TFY signal has been known to distort the line-shape due to the saturation and self-absorption effects, 42 generally produces a very small absorption signal With the confirmed structural quality, we investigated the electronic structures of YTO films by XAS at the Ti L 2,3 -edge. As seen in Fig. 2(b) , in contrast with the reference Ti 4+ spectra of bulk SrTiO 3 (STO) with four characteristic peaks, 20 the spectra of Ti 3+ in YTO film shows a distinct lineshape (i.e. two main peaks) with a ∼ 2 eV chemical shift to lower energy 43 -the difference is mainly connected to the crystal field splitting and the Ti 3d 1 electronic configuration of YTO. In addition, due to the oxidation of Ti 3+ to Ti 4+ on the YTO film surface causing a mixture of Ti 3+ /Ti 4+ after being taken out of the vacuum chamber and exposed to the atmosphere during the delivery process, a significant Ti 4+ contribution is observed by surface-sensitive TEY and reflectivity modes. For the interior unit cells, the recently developed bulk sensitive luminescence mode 40, 41 shows much clearer signal than that of the TFY mode characteristic of pure Ti 3+ .
To further investigate the difference in electronic structure caused by covalency between Ti 3+ -O and Ti 4+ -O bonds, O K-edge spectra were measured. To get a fingerprint of Ti 4+ we acquired O K-edge spectra on a STO single crystal. As seen in Fig. 3 , due to the hybridization between Ti and O ions, the near-edge two main peaks (∼ 530.5 and 533 eV, marked by the dashed lines)
derived from Ti t 2g and Ti e g bands are present. 44, 46 In contrast to STO, the O K-edge spectra of the YTO film shows that the first peak (∼ 530.5 eV) is strongly suppressed whereas the second peak (∼ 532 eV, marked by the triangle in Fig. 3 ) is shifted to lower energy and is enhanced; this result agrees well with the previously reported spectra of bulk YTO. 44 To identify these features, we recap that compared to the Ti t 2g and e g band splitting on STO driven by the large cubic crystal field, the recent YTO band structure calculation predicts the presence of an occupied lower Hubbard band (LHB) and empty upper Hubbard band (UHB) with partial mixing of Ti t 2g and e g bands. 47 Experimentally, previous resonant X-ray inverse photoemission data attributed the second peak (∼ 532 eV) seen in our O K-edge spectra to the UHB of YTO. 44 On the other hand, for the two peaks with higher energy (∼ 536 eV), they are mainly derived from the hybridizations between the d bands of A-site ions (Y and Sr) and the O 2p bands (see Fig. 3 ).
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To probe magnetism, we carried out XMCD measurements at the Ti L 2,3 -edge [see Fig. 2(a) ] to reveal the magnetic properties of the YTO film, as shown in Fig. 4 . Left and right circularly polarized soft X-rays were tuned to the Ti L 2,3 -edge and recorded in TEY, 34, 35 TFY, 35 reflectivity (X-ray resonant magnetic scattering, XRMS) 36 and Luminescence 37-41 detection modes below 15 K and in an applied magnetic field. First, we point out that despite the surface sensitivity of TEY mode, the non-magnetic T 4+ (3d 0 ) ions present on the surface of YTO film do not contribute to the magnetism in YTO film and as such the XMCD signal is naturally absent in the TEY mode. For another surface-sensitive mode, XRMS, the XMCD signal near the Ti absorption edge represents the convoluted contribution from both chemical and magnetic scattering, and requires extensive modeling to identify the relevant Ti 3+/4+ states involved. 36, 48 For the bulk-sensitive TFY mode, on the other hand, a small XMCD signal is visible but its spectral features are difficult to differentiate due to the low fluorescence yield intensity in this energy range. Finally, by using the luminescence detection method we were able to obtain a strong ferromagnetic signal on Ti. As seen in Fig. 4 , the circular dichroism signal is strong (∼10%), and its sign (negative or positive) can be flipped by reversing the orientation of the external magnetic field. To emphasize, the circular dichroism detected in the bulk sensitive luminescence mode under small magnetic field of ±0.4 T lends strong support to the ferromagnetic Ti 3+ state, whose spectral features are consistent with the suggested ferromagnetic titanium in LaMnO 3 /SrTiO 3 and LaAlO 3 /SrTiO 3 interfaces and the theoretically predicted Ti 3d 1 electronic configuration. 13, 20, 49 However, due to the insufficiently separated Ti L 2 -and L 3 -edge peaks, the pronounced shoulders, and the considerable contribution of the magnetic dipole term for solids lacking cubic symmetry, 50,51 the application of the XMCD sum rules for magnetic RTiO 3 is very difficult.
In summary, we developed layer-by-layer growth of high-quality Mott insulator YTiO 3 films and investigated their electronic 
